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Many membrane-bound protein precursors, including cytokines and growth factors, are proteolytically shed to yield soluble
intercellular regulatory ligands. The responsible protease, tumor necrosis factor-a converting enzyme (TACE/ADAM-17), is
transmembrane metalloprotease-disintegrin that cleaves multiple cell surface proteins, although it was initially identified
or the enzymatic release of tumor necrosis factor-a (TNF-a). Mammalian lung growth and development are tightly
controlled by cytokines and peptide growth factors. However, the biological function of the cell shedding mechanism during
lung organogenesis is not understood. We therefore evaluated the role of TACE as a “sheddase” during lung morphogenesis
by analyzing the developmental phenotypes of lungs in mice with an inactive TACE gene in both in vivo and ex vivo organ
explant culture. Neonatal TACE-deficient mice had visible respiratory distress and their lungs failed to form normal
saccular structures. These newborn mutant lungs had fewer peripheral epithelial sacs with deficient septation and
thick-walled mesenchyme, resulting in reduced surface for gas exchange. At the canalicular stage of E16.5, the lungs of
TACE mutant mice were impaired in branching morphogenesis, inhibited in epithelial cell proliferation and differentiation,
and delayed in vasculogenesis. Embryonic TACE knockout mouse lungs (E12) branched poorly compared to wild-type lungs,
when placed into serumless organ culture. Gene expression of both surfactant protein-C and aquaporin-5 were inhibited in
cultured TACE-mutant embryonic lungs, indicating defects in both branching and peripheral epithelial cytodifferentiation
in the absence of TACE protein. Furthermore, both the hypoplastic phenotype and the delayed cytodifferentiation in
TACE-deficient lungs were rescued by exogenous addition of soluble stimulatory factors including either TNF-a or
pidermal growth factor in embryonic lung culture. Thus, the impaired lung branching and maturation without TACE
uggest a broad role for TACE in the processing of multiple membrane-anchored proteins, one or more of which is essential
or normal lung morphogenesis. Taken together, our data indicate that the TACE-mediated proteolytic mechanism which
nzymatically releases membrane-tethered proteins plays an indispensable role in lung morphogenesis, and its inactivation
eads to abnormal lung development. © 2001 Academic Press
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Many functionally diverse proteins, including cytokines,
peptide growth factors, and their receptors, as well as cell
1 To whom correspondence should be addressed at USC Center for
raniofacial Molecular Biology, 2250 Alcazar Street, CSA 103, Lospngeles, CA 90033. Fax: (323) 442-2981. E-mail: zhao@hsc.usc.edu.
204dhesion molecules, are initially synthesized as membrane-
ound precursors that are subsequently released from the
ell by proteolysis, a process termed “ectodomain shed-
ing” (Hooper et al., 1997). Production of soluble cytokines
nd growth factors relaxes spatial constraints on their
ctivity and leads to more distant biological effects, thus
roviding qualitative regulation of the signal transduction
athways mediated by the respective soluble ligands (Werb,
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205TACE and Lung Morphogenesis1997). The availability of some cytokines and growth fac-
tors in the intercellular space depends on the extent of cell
surface proteolysis from their transmembrane precursors
(Moss et al., 1997). On the other hand, shedding of trans-
membrane receptors may render cells less responsive to
their cognate ligands, and the resultant soluble receptors
may modulate the activity of their ligands by competing
with their membrane-anchored counterparts for ligand
binding (Mu¨llberg et al., 2000). Therefore, the process of
FIG. 1. Abnormal pulmonary phenotype of newborn TACE
emitranslucent gross appearance with large and dilated airways c
ere normal. (C, D) Hematoxylin and eosin (H&E) staining of newb
attern of alveolization with regularly shaped alveoli. In comparison
eriphery, with fewer septations and thickened interstitial tissue. F
pparently thickened mesenchymal tissue (arrowheads). Bar, 100 mextracellular domain shedding may influence the biology of
Copyright © 2001 by Academic Press. All rightytokines and growth factors by regulating the magnitude
f cognate signaling events within the pericellular micro-
nvironment (Rose-John and Heinrich, 1994).
The first such “sheddase” identified was TNF-a convert-
ng enzyme (TACE/ADAM-17), a member of the ADAM (a
isintegrin and metalloprotease) family of metalloprotease-
isintegrins (Black et al., 1997). TACE was originally char-
acterized to release soluble tumor necrosis factor-a (TNF-a)
from cells by its ability to proteolytically cleave the ectodo-
kout lungs. Macroscopically, TACE 2/2 lungs (B) showed a
to the pleural surface (arrows), while wild-type newborn lungs (A)
ung sections. Wild-type newborn mouse lung (C) showed a normal
CE 2/2 lungs (D) had large and dilated airways (arrows) in the lung
airways were found in the proximal area of TACE 2/2 lungs withknoc
lose
orn l
, TA
ewermain of membrane-bound pro-TNF-a (Moss et al., 1997;
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206 Zhao et al.Black et al., 1997). Subsequent studies have revealed that
ACE is also responsible for the shedding of other intercel-
ular regulators such as transforming growth factor-a (TGF-
a), L-selectin, and p75 TNF receptor (Peschon et al., 1998a).
TACE cDNA encodes 824 amino acids and TACE is a
multidomain type I transmembrane protein (Black and
White, 1998). TACE contains a signal peptide, a zinc-
FIG. 2. Impaired airway morphogenesis in fetal mouse lungs lack
hematoxylin and eosin (H&E). (A, B) At E16.5 stage, control lung
tubules, whereas TACE 2/2 lungs (B) were much less branched w
of wild-type mice (C) had a typical saccular structure: distal airway
septal formation seen as short projections extended into airway
bviously immature: fewer terminal tubules were present with s
ardly seen. (E) The proportion of terminal air space area in fetal lu
and E18 stages had, respectively, 56 and 38% (*P , 0.05) less dis
ercentage of airway spaces between TACE 1/1 and 1/2 lungs. Wdependent metalloprotease catalytic domain, a disintegrin
Copyright © 2001 by Academic Press. All rightdomain, a transmembrane domain, and a short cytoplasmic
tail (Black et al., 1997). Using recombinant TACE protein, it
was shown that the TACE enzyme processed the 26 kDa
pro-TNF-a at the Ala76–Val77 cleavage site, generating
secreted 17 kDa mature TNF-a (Moss et al., 1997; Black et
l., 1997). Inactivation of the TACE gene by homologous
ecombination resulted in a 80–90% reduction of TNF-a
TACE. (A–D) Coronal middle sections of fetal lungs stained with
) had a normal branching pattern with regularly shaped terminal
wer terminal tubules than TACE 1/1 lungs. (C, D) At E18, lungs
les were surrounded by relatively thin mesenchyme, with buds for
n. However, morphological phenotype of TACE 2/2 lungs was
nding mesenchyme of increased thickness, and septations were
f TACE 1/1, 1/2, and 2/2 genotypes. TACE 2/2 lungs at E16.5
rway spaces than TACE 1/1 lungs. There were no differences in
/1; HZ, 1/2; KO, 2/2; Bar, 100 mm.ing
s (A
ith fe
tubu
lume
urrou
ngs o
tal airelease in comparison with the corresponding wild-type
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207TACE and Lung Morphogenesiscells (Black et al., 1997). Thus, TACE plays a direct role in
the proteolytic release of multiple membrane-bound inter-
cellular regulators including TNF-a.
The embryonic lungs undergo cell proliferation, branch-
ng morphogenesis, and alveolar saccular formation as well
s concomitant cell lineage differentiation to form an organ
apable of conducting gas exchange in a large, elastic, and
iffusable interface. Lung development is now known to
ake place within a complex milieu of cytokines and
eptide growth factors, which may affect many parameters
f cell behavior including cell proliferation, survival, migra-
ion, differentiation, and extracellular matrix deposition
Hilfer, 1996). It is therefore likely that finely regulated
oluble factors instruct embryonic, fetal, and neonatal lung
rowth and development by coordinated temporospatial
utocrine/paracrine signal transduction (Warburton et al.,
999). One of the key mechanisms to regulate the availabil-
ty of soluble proteins displayed on the cell surface is
roteolytic processing of the ectodomain of their membrane
rotein precursors (Mu¨llberg et al., 2000). However, in spite
f the fact that TACE-mediated cell surface shedding of
ytokines constitutes a pivotal regulatory step in the signal
ransduction of corresponding cytokines, the biological
mportance of TACE as a shedding enzyme during lung
orphogenesis is not known.
In the current investigation, the biological function of
ACE during embryonic lung development was elucidated,
tilizing a mutant mouse strain that is genetically deficient
n the catalytically active TACE protein (Peschon et al.,
998a). We report here that abnormal lung development
as observed in mice absent of TACE, with a hypoplastic
henotype arising from impaired branching morphogenesis,
nderdeveloped vasculature, defective alveolar sacculation
ith poor septation, and inhibited epithelial cell prolifera-
ion and differentiation. Furthermore, we show that TACE
nockout embryonic lungs were rescued from both reduced
ranching morphogenesis and delayed epithelial differentia-
ion, when placed into organ culture in the presence of
oluble stimulatory factors. Since mice lacking TNF-a or its
receptors (p55 and p75) have normally developed lung
(Pfeffer et al., 1993; Rothe et al., 1993; Erickson et al., 1994;
Peschon et al., 1998b), analysis of the hypoplastic lung
phenotype in mice deficient of this transmembrane shed-
dase suggested a broad role for TACE in the process of
multiple membrane protein cleavage, other than TNF-a,
uring lung branching morphogenesis. Our findings there-
ore define an essential role for TACE in the process of
ormal lung growth and development.
MATERIALS AND METHODS
TACE-deficient mice. The TACE gene was inactivated by
deleting the zinc binding domain through homologous recombina-
tion as previously described (Peschon et al., 1998a). Homozygous
TACE (2/2) embryonic, fetal, and newborn mice were produced by
intercrosses between TACE heterozygous (1/2) mice in a DBA/1J C
Copyright © 2001 by Academic Press. All rightstrain background. The finding of a vaginal plug was considered as
day 0.5 of pregnancy. Although older TACE 2/2 fetuses (E16.5
onward) and newborn mice were reliably identified by the presence
of an open eyelid phenotype, genomic DNA was isolated from the
mouse tail of various developmental stages and the genotype was
determined by PCR analysis as documented earlier (Peschon et al.,
1998a). Embryos (E12), fetuses (E16.5, E18), and newborn animals
(P0) were collected, and lungs were removed by microdissection
under sterile conditions. Lung tissues from E16.5, E18, and P0 were
immediately fixed for histological examination, and E12 lung
explants were used for ex vivo organ culture.
Embryonic mouse lung explant culture. Timed-pregnant fe-
male TACE 1/2 mice were sacrificed at E12 stage and the embryos
were removed. Embryonic tails were collected for genotyping
purpose as described above. Embryonic lung rudiments were care-
fully dissected and placed into culture under serum-free, chemi-
cally defined conditions as described earlier (Warburton et al.,
1992). Recombinant TNF-a or EGF (R&D Systems, Minneapolis,
N) were added to the BGJb (GIBCO BRL, Grand Island, NY)
ulture media at desirable concentrations, with a change of me-
ium every other day. After 4 days, cultured lungs were photo-
raphed and harvested for quantification of terminal branches,
NA extraction, or immunohistochemistry.
Quantification of lung branching morphogenesis. Branching
orphogenesis was expressed as the number of epithelial sacs
isible around the periphery of the cultured lung explants. The
nalyses were performed on the whole mounts of lung explants,
sing transillumination to visualize structures and photomicro-
raphy to record permanent images. Paraffin-embedded sections of
ultured lung tissues after fixation were also examined to verify the
uantification of terminal branching.
Preparation of lung tissue sections. Either freshly dissected or
ultured lung tissues were fixed for 1–2 h in 4% paraformaldehyde
t 4°C. The fixed tissues were dehydrated in ethanol and embedded
nto paraffin. Coronal sections were obtained at 5 mm thickness
and mounted onto HistoGrip-coated microscopic slides (Zymed,
San Francisco, CA). The sections across the middle part of the lung
lobe were chosen for histological study. Hematoxylin and eosin
(H&E) staining was used to analyze the morphological structure of
lung sections.
Lung morphometry. The area of terminal respiratory air spaces
was calculated using NIH Image software (Bethesda, MD). Multiple
measurements were performed on randomly selected 0.25-mm2
fields located at the distal part of the lung sections (Shi et al., 1999).
The proportion of lung comprising air spaces was presented as a
percentage of the total examined area of the lung section. The
morphometric analyses were performed on sections of at least three
individual fetal lungs of, respectively, 1/1, 1/2, and 2/2 geno-
ype.
Immunocytochemistry. Lung sections were deparaffinized, re-
ydrated, and processed for immunohistochemical studies using
ymed Histostain-Plus system. Both nonimmune serum and PBS
uffer were run in parallel as negative controls.
TACE immunostaining. TACE antibody (AL45) was raised in
abbits against the cytoplasmic domain of murine TACE fused to
ST (glutathione S-transferase) protein (Zhang et al., 2000). Rabbit
erum was preabsorbed with GST-conjugated agarose beads and
sed at a 1:50 dilution for overnight at 4°C.
Surfactant protein-C (SP-C) immunostaining. A goat anti-SP-C
olyclonal antibody was purchased from Santa Cruz Biotech (Santa
ruz, CA). The tissue sections were incubated with the SP-C
s of reproduction in any form reserved.
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incubation at 4°C.
Platelet endothelial cell adhesion molecule-1 (PECAM-1) immu-
nostaining and quantification of capillary branching. PECAM
antigen was unmasked by pretreating the sections for 10 min in
trypsin solution at room temperature. Purified rat anti-mouse
PECAM-1 monoclonal antibody (PharMingen, San Diego, CA) was
used at a concentration of 10 mg/ml on E16.5 lung sections for
vernight incubation at 4°C.
The PECAM-1-positive capillary branch points present per high
ower field (HPF) at a magnification of 2003 were counted in two
andomly chosen fields from at least three different coronal lung
ections in different specimen groups.
PCNA proliferative index. PCNA immunostaining was per-
ormed using a polyclonal IgG antibody at a final concentration of
mg/ml (Dako Corp., Carpinteria, CA) on lung sections. Color-
developed tissues were subsequently counterstained with hema-
toxylin and examined by light microscopy at high magnification.
Surface epithelial cells in airway cross sections were examined and
classified as PCNA-positive (red nuclei from AEC staining) or
PCNA-negative (blue nuclei from hematoxylin staining) cells. At
least 1000 cells lying around the entire circumference of airway
cross sections (both proximal and terminal) were counted. The
PCNA proliferative index (percentage of PCNA-positive nuclei)
was thus determined and its mean value represented an average
from at least five individual lung sections for each assayed condi-
tion.
RNA extraction, reverse transcription, and competitive PCR.
Total RNA from cultured lung explants was extracted by guani-
dinium thiocyanate following homogenization as we have docu-
mented elsewhere (Zhao et al., 1998). Extracted total RNA was
immediately reverse-transcribed by incubating at 37°C for 1 h in
the presence of ribonuclease inhibitor, oligo-dT primer, and
M-MLV reverse transcriptase (GIBCO BRL). The resultant cDNA
products were used for competitive PCR quantification.
Competitive PCR methodology for specific mRNA quantifica-
tion of pulmonary genes has been described previously (Zhao et al.,
1996). For aquaporin-5 (Aqp5), a set of primers (upstream primer 5
CGCT CAGC AACA ACAC AACA CC; downstream primer 5
TCCT CCTC TGGC TCAT ATGT GC) were designed for mouse
Aqp5 to amplify a 382-bp cDNA fragment (Krane et al., 1999). To
generate competitor cDNA for Aqp5 competitive PCR assay, the
above desired primer sequences were engineered into a heterolo-
gous DNA fragment using the same strategy as we documented
earlier (Zhao et al., 1996). Consequently, both Aqp5 cDNA and
Aqp5 competitor utilize the same set of primers in the Aqp5
competitive PCR. The Aqp5 competitor was 480 bp in length. Both
Aqp5 and its competitor PCR products were subsequently DNA
sequenced to ensure their identities.
PCR amplification was carried out using a modification of a
previously described assay for Smad7 (Zhao et al., 2000). PCR
reaction mixture containing a known amount of competitor was
added to reverse-transcribed samples derived from 20–50 ng total
RNA or to dilutions of standard cDNA templates in a total volume
of 50 ml. b-actin competitive PCR as an internal control was
erformed in parallel on the same samples. As a negative control
or genomic DNA, non-reverse-transcribed total RNA was also
ncluded in the competitive PCR assays.
Whole-mount in situ hybridization. A partial-length mouse
ACE cDNA fragment (557 bp, Accession No. U69613) was
btained by PCR and subsequently cloned into pCR II vectorInvitrogen, San Diego, CA). Cloned fragments were DNA se-
Copyright © 2001 by Academic Press. All rightuenced to ensure both identity and orientation. Antisense and
ense cRNA probes were transcribed by using T7 RNA polymerase
ith digoxigenin-labeled UTP (Roche, Indianapolis, IN).
Freshly dissected embryonic mouse lung tissues (E12) were fixed
n paraformaldehyde for 1 h at room temperature and bleached
riefly in 5% hydrogen peroxide. Rehydrated tissues were protein-
se K-treated, prehybridized for 1 h, and then hybridized overnight
ith digoxigenin-labeled TACE riboprobe at 65°C in a hybridiza-
ion solution containing 50% formamide. After hybridization, lung
issues were serial-washed and incubated with antidigoxigenin
lkaline phosphatase conjugate (Zhao et al., 2000). Lungs were
incubated in color-substrate solution with both nitroblue tetrazo-
lium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (X-
phosphate). TACE mRNA transcripts were visualized as purple
signals, and color development was terminated upon optimal
staining intensities. Duplicate lung tissue preparations were used
for both sense- and antisense-probe hybridization.
Data processing and statistical analysis. All data herein are
reported as means 6 SD unless otherwise specified. Differences
between the means were tested by ANOVA and Student’s t test.
P , 0.05 was generally considered as statistically significant.
RESULTS
Abnormal Morphology in Lungs of Newborn
TACE-Null Mice
Newborn (P0) TACE 2/2 mice had visible breathing
difficulties and were cyanotic in skin color, indicating
respiratory problems. Macroscopically, lungs of TACE
2/2 mice were pale in color and had a semitranslucent
gross appearance (Fig. 1B), in comparison with normal
wild-type P0 lungs (Fig. 1A). There were fewer, but
dilated, terminal airways in the TACE 2/2 lung periph-
ery (Fig. 1A, arrows), which were not observed in control
newborn littermates. Microscopic features of both wild-
type and TACE null mutant newborn lungs are shown in
Figs. 1C–1D. In wild-type lungs of this stage (Fig. 1C),
saccular formation can be seen in the periphery of the
lung, with numerous respiratory tubules formed and
many septum-forming buds extended into the airway
lumen. Mesenchyme between the terminal air spaces had
become thinner, which provided a structural basis for
alveolization after birth. In comparison, the histological
phenotype of TACE 2/2 lungs was retarded and abnor-
mal (Fig. 1D). Large terminal airways were dilated and
poorly septated (arrows), and the mesenchyme between
the terminal air spaces was abnormally thickened, sug-
gesting a morphological basis for respiratory failure in P0
TACE knockout pups. Proximal airways in P0 TACE 2/2
lungs were also irregular in shape, surrounded by thick-
walled interstitial tissues (arrowheads). Therefore, new-
born TACE 2/2 lungs exhibited hypoplastic morphol-
ogy, indicating abnormal lung development in mice
deficient of TACE.
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Deficient Mice
Since the TACE 2/2 newborn lungs had characteristics
f hypoplastic phenotype and showed evidence of epithelial
mmaturity, we evaluated lung development in TACE 2/2
ice and their wild-type control littermates at fetal stages
f both E16.5 and E18. In E16.5 fetuses, normal lungs
howed a typical phenotype of canalicular period with
ell-developed airways and many saclike terminal buds
FIG. 3. Inhibited epithelial cell proliferation in TACE-deficient fe
ung tissues. TACE 2/2 mouse lungs have fewer PCNA stainin
littermates (A, C) at both E16.5 (A, B) and E18 (C, D) stages. (E) PCN
in TACE 2/2 lung epithelium were significantly reduced (*P ,
comparison with TACE 1/1 lung epithelium, while PCNA indices
100 mm.Fig. 2A). In contrast, the TACE 2/2 lungs had sparse air
Copyright © 2001 by Academic Press. All rightspaces with abundant mesenchyme reminiscent of the early
pseudoglandular stage (Fig. 2B). The area of the terminal air
spaces in the total lung section was reduced to 13.8% in
TACE 2/2 fetal lungs compared with 31.2% (P , 0.05) in
wild-type fetal lungs (Fig. 2E), reflecting retarded branching
morphogenesis in TACE 2/2 fetuses. In E18 fetuses, the
lungs of control wild-type mice continued to advance to
saccular stage characteristic of thin-walled terminal buds
with extending septa (Fig. 2C). In comparison, TACE 2/2
ouse lungs. (A to D) PCNA immunohistochemistry in fetal mouse
itive epithelial cells (B, D) than control lungs from TACE 1/1
liferative indices in fetal mouse lungs. PCNA proliferative indices
5) by a respective 64 and 40% at both E16.5 and E18 stages in
een TACE 1/1 and 1/2 lung epithelium were not different. Bar,tal m
g-pos
A pro
0.0
betwlungs had fewer saccular structures, thickened interstitial
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210 Zhao et al.mesenchyme, and no septal formation (Fig. 2D). The pro-
portion of terminal air space area was also decreased from
52.8% in wild-type control lungs to 32.5% (P , 0.05) in
knockout lungs (Fig. 2E), indicating an underdeveloped
bronchial tubular tree. The above findings suggest that fetal
lungs lacking TACE protein are defective in branching
morphogenesis and therefore immature in lung develop-
ment.
Reduced Rate of Epithelial Cell Proliferation and
Inhibited Epithelial Cell Differentiation in Fetal
Lungs without TACE
To further analyze the hypoplastic phenotype of impaired
branching morphogenesis in TACE 2/2 fetuses, immuno-
histochemistry was performed on both E16.5 and E18 lung
FIG. 4. SP-C immunocytochemistry in mouse lung tissues. (A, B
contain regularly shaped terminal epithelial buds, which were sta
staining was absent in proximal airway epithelium (arrowheads).
terminal buds and some of them were irregularly elongated, with
normal control lungs. (C, D) At E16.5 stage, normal control lungs s
for SP-C. However, much lower SP-C immunostaining intensity wa
100 mm.sections using an antibody against proliferating cell nuclear
Copyright © 2001 by Academic Press. All rightntigen (PCNA). PCNA, an auxiliary nuclear cofactor me-
iating DNA polymerase during replication of DNA, is used
s a marker for cell proliferation (Prelich et al., 1987). As
hown in Fig. 3, fewer PCNA-positive cells were found in
ung epithelium of TACE 2/2 than wild-type mouse fe-
uses, at both E16.5 and E18 stages (Figs. 3A–3D). The
CNA proliferative index (percentage of PCNA-positive
ells in bronchial epithelium) was thus obtained by mor-
hometry (Fig. 3E), as described under Materials and Meth-
ds. In E16.5 lungs, PCNA index was reduced to 22.6% in
nockout lungs from 62.6% in normal lungs (P , 0.05).
Likewise, PCNA index was decreased to 17.8% in E18
TACE 2/2 lungs compared with 29.6% (P , 0.05) in
wild-type lungs of the same stage. These results indicate
that epithelial cell proliferation is significantly inhibited in
fetal lungs without TACE gene expression.
lungs cultured for 4 days (E1214). Cultured TACE 1/1 lungs (A)
strongly with anti-SP-C antibody (arrows), while SP-C immuno-
ntrast to control lungs, cultured TACE 2/2 lungs (B) had fewer
ced immunostaining intensity for SP-C (arrows) compared to the
d numerous distal epithelial branches that were positively stained
nd in the fewer distal epithelial branches in TACE 2/2 lungs. Bar,) E12
ined
In co
redu
howe
s fouApart from epithelial cell proliferation, we also studied
s of reproduction in any form reserved.
f
a
(
v
T
l
b
1
211TACE and Lung Morphogenesisthe impact of TACE deficiency on epithelial cytodifferen-
tiation during fetal stage of lung development. Type II
epithelial cells synthesize and secrete SP-C, and SP-C was
chosen as a lung epithelium-specific differentiation marker
(Singh et al., 1985). Around E16.5, numerous SP-C-positive
distal epithelium branches were located in the periphery of
normal control lungs (Fig. 4C, arrows). Although staining
for SP-C was also observed in the terminal epithelium of
E16.5 TACE 2/2 lungs, the distribution of SP-C protein
was patchy with reduced immunostaining intensity, indi-
cating a reduced number of SP-C-positive epithelial cells
(Fig. 4D, arrows). The above data suggest a delay in epithe-
lial cell differentiation in fetal lungs without TACE. Taken
together, both proliferation and cytodifferentiation in lung
epithelium were inhibited in fetal lungs lacking TACE
protein.
Underdeveloped Vasculature in Fetal Mouse Lungs
Lacking TACE
The appearance of the peripheral vasculature in TACE
wild-type versus TACE 2/2 lungs was also examined.
PECAM-1 is a membrane glycoprotein expressed in the
embryonic endothelial cells and is used as a marker for
vascular endothelial cells (Coleman et al., 1998). PECAM-1
staining of the E16.5 normal lungs (Fig. 5A) showed a highly
branched, dense peripheral vascular network in lung mes-
enchyme. In contrast, the pattern of PECAM-1 immunohis-
tochemistry in the E16.5 TACE knockout lungs (Fig. 5B)
failed to show a developed vascular network in lung sec-
tions. Moreover, only sporadic PECAM-1-positive endothe-
lial cells were found in thickened lung mesenchyme. Poorly
developed capillary endothelium in TACE 2/2 lungs with
increased amount of interstitial tissue could represent a
delay in the development of the air–vascular interface in the
knockout lungs, which could form a barrier to oxygen
diffusion upon birth.
The reduction of pulmonary capillary branching in TACE
2/2 lungs was measured by counting of branch points, and
the results were shown in Fig. 5C. The TACE 2/2 lungs
had significantly fewer capillary branches (12.6 branch
points/HPF) than TACE 1/1 lungs (34.4 branch points/
HPF, P , 0.05) at E16.5 stage. We conclude that knockout
etal lungs show a defect in vasculogenesis due to the
bsence of TACE.
Retarded Branching Morphogenesis and
Cytodifferentiation in Embryonic TACE
Knockout Lungs in Culture
We thought that the detected immature lung phenotype
in fetal mice may represent a defect in lung branching
morphogenesis in the early embryonic stage of mouse
development. To explore the biological role of TACE during
embryonic lung branching morphogenesis, lung rudiments
dissected from E12 control and TACE 2/2 embryos were
placed into serum-free organ culture with chemically de- a
Copyright © 2001 by Academic Press. All rightFIG. 5. Underdeveloped vascular network in TACE 2/2 lungs.
A) E16.5 normal mouse lungs have a highly branched peripheral
asculature as demonstrated with PECAM-1 immunostaining. (B)
ACE 2/2 lungs showed an impaired vasculogenesis marked by
ess PECAM-1 staining. (C) Number of PECAM-1-positive capillary
ranches counted per high power field (HPF) in lungs of TACE 1/1,
/2, and 2/2 genotypes. At E16.5, TACE 2/2 lungs had 63.4 and
61.7% fewer (*P , 0.05) capillary branch points than TACE 1/1
nd 1/2 lungs, respectively. Bar, 50 mm.
s of reproduction in any form reserved.
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212 Zhao et al.fined BGJb medium. Early embryonic mouse lung explants
are known to undergo extensive branching morphogenesis
and cytodifferentiation in culture, thus providing a useful
experimental model for studying lung development under
defined conditions (Jaskoll et al., 1988). Lungs were har-
vested after 4 days in culture and were subjected to evalu-
ation for their extent of branching and immunohistochemi-
FIG. 6. Differential branching morphogenesis in cultured E12 lun
in serumless, chemically defined media with/without either TNF-
control (A) and TACE 2/2 (B) were grown in culture. After 4 days,
While exogenously added TNF-a (E) stimulated branching morphog
ranching of TACE 2/2 lungs in culture. Likewise, lung branchin
egardless of the TACE genotypes (G for 1/1, H for 2/2). Bar, 100
/2 lung explant culture. While retarded branching morphogenesis
ith both TACE 1/1 and 1/2 lungs, addition of either TNF-a
regardless of TACE genotypes (*P , 0.05).cal analysis. E12 lung primordia from both wild-type and t
Copyright © 2001 by Academic Press. All rightnockout embryos have roughly the same overall size (Figs.
A–6B). However, cultured TACE 2/2 lungs branched
uch less compared with cultured normal control lungs
Figs. 6C–6D). Cultured knockout lungs had only 51.5% the
umber of peripheral terminal buds compared to the cul-
ured lungs of control wild-type (P , 0.05), indicating a
ignificant inhibition of lung branching morphogenesis in
lants. (A–H) Representative E12 lung explants cultured for 4 days
EGF supplementation. Embryonic mouse lung explants from E12
ACE 2/2 lungs (D) were less branched than its control lungs (C).
is in normal control lungs, addition of TNF-a (F) also increased the
rphogenesis was enhanced when cultured in the presence of EGF,
(I) Analysis of branching morphogenesis in TACE 1/1, 1/2, and
observed in cultured TACE 2/2 lungs (*P , 0.05) in comparison
GF stimulated lung branching morphogenesis in cultured lungsg exp
a or
the T
enes
g mo
mm.
was
or Ehe absence of TACE in embryonic lungs in culture.
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213TACE and Lung MorphogenesisTo evaluate the extent of epithelial cell differentiation in
cultured embryonic mouse lungs, we analyzed the expres-
sion of SP-C as a differentiation marker for prealveolar type
II cells (Glasser et al., 1990). In cultured normal embryonic
lungs, strong immunoreactivity for SP-C protein was seen
in terminal airway epithelium (Fig. 4A, arrows), whereas
both proximal epithelium (arrowheads) and mesenchyme
were free of SP-C immunostaining. In comparison, only
weak SP-C staining was detected in some peripheral epithe-
lial cells of dilated airways in cultured TACE 2/2 lungs
(Fig. 4B, arrows), suggesting a state of reduced epithelial
differentiation in cultured embryonic lungs deficient of
TACE gene expression.
Exogenous Addition of Stimulatory Factors Rescues
TACE 2/2 Lungs from Both Inhibited Branching
Morphogenesis and Delayed Epithelial
Differentiation in Culture
Since TACE 2/2 lungs were less branched than control
lungs in culture, we sought to investigate whether supple-
mentation of exogenous stimulatory factors could rescue
the hypoplastic development of TACE 2/2 lungs in cul-
ture. Although TNF-a knockout mice have normal lung
morphogenesis, TNF-a is a potent cytokine which has a
arked stimulatory effect on lung branching morphogen-
sis and on later surfactant protein synthesis (Jaskoll et al.,
1994). When exogenously added to embryonic lung organ
culture, TNF-a stimulated lung branching morphogenesis
in a dose-dependent fashion (Fig. 7), and 10 ng/ml TNF-a
increased lung branching by 41.3% (P , 0.05). While only
half as many terminal branches were present in TACE 2/2
ungs when compared with control lungs in culture, addi-
FIG. 7. Either TNF-a or EGF stimulates embryonic mouse lung
ranching morphogenesis in a concentration-dependent manner.
12 normal wild-type lung explants were placed into organ culture
or 4 days, with exogenous supplementation of various doses of
ither TNF-a or EGF ligand. Addition of either TNF-a or EGF
ncreased lung branching morphogenesis in a dose-dependent fash-
on, as quantified by the number of terminal branches in cultured
ung explants.ion of 10 ng/ml TNF-a in culture stimulated TACE 2/2 e
Copyright © 2001 by Academic Press. All rightung branching to 90.2% of the number of branches in
ormal wild-type lungs in plain medium (Figs. 6F and 6I),
ndicating that the hypoplastic branching pattern of embry-
nic TACE 2/2 lungs was overcome in the presence of
xogenously added soluble TNF-a in culture.
EGF is another known stimulatory growth factor for early
lung development (Warburton et al., 1992), and we show
that EGF, when included into organ culture, enhanced
embryonic lung branching morphogenesis in wild-type con-
trol lungs in a concentration-dependent manner (Fig. 7).
Embryonic lung branching morphogenesis was increased by
45.7% (P , 0.05) in the presence of 10 ng/ml EGF. Since
embryonic TACE 2/2 lungs exhibited retarded branching
morphogenesis in culture, we tested the possibility that
EGF, as a stimulatory factor, normalizes the underbranched
lungs due to a lack of TACE. Addition of 10 ng/ml EGF into
organ culture increased lung branching morphogenesis of
TACE 2/2 lung explants from 51.5 to 103.4% (P , 0.05)
when compared with control lungs in plain medium culture
(Figs. 6H–6I), suggesting that the retarded branching pattern
in TACE-deficient lungs could be normalized with supple-
mentation of exogenous soluble EGF in culture.
To study the epithelial cell differentiation of the cultured
embryonic lungs, we analyzed the expression of SP-C,
Aqp5, and Clara Cell 10 (CC10) as differentiation markers
for prealveolar type II, prealveolar type I cells, and Clara
cells, respectively (Singh et al., 1985; Wuenschell et al.,
1996; 1998; Funaki et al., 1998). The mRNA levels for SP-C,
Aqp5, and CC10 in cultured mouse lungs were quantified
using competitive RT-PCR assays and were normalized to
internal control gene, b-actin, expression (Fig. 8). In com-
arison with wild-type lungs cultured in plain medium,
oth SP-C (41.4%, P , 0.05) and Aqp5 (31.5%, P , 0.05)
RNA amounts were reduced in TACE 2/2 lungs cultured
n the same plain medium, indicating that cultured embry-
nic knockout lungs were inhibited in epithelial cell cyto-
ifferentiation. However, CC10 mRNA expression did not
hange significantly in the TACE 2/2 lungs (90.4%) com-
ared to the control lungs.
Since both TNF-a and EGF are known to stimulate lung
ranching morphogenesis and simultaneously promote em-
ryonic lung maturation (Jaskoll et al., 1994; Warburton et
l., 1992; Melnick et al., 1996), gene expression of SP-C,
qp5, and CC10 were examined in TACE 2/2 lungs in
ulture in response to exogenous addition of either TNF-a
or EGF. As shown in Fig. 8, addition of 10 ng/ml TNF-a
significantly increased SP-C mRNA in cultured TACE
mutant lungs from 41.4 to 88.1% of wild-type lungs cul-
tured in control medium, while Aqp5 mRNA expression
was also enhanced by TNF-a in TACE 2/2 lungs in culture
rom 31.5 to 126.4% of normal lungs in plain medium (P ,
.05). In parallel experiments, expression of both SP-C and
qp5 mRNAs in TACE 2/2 lungs in culture was also
levated in the presence of 10 ng/ml EGF to comparable
evels with wild-type, plain medium-cultured lungs
122.8% for SP-C and 106.4% for Aqp5; P , 0.05). How-
ver, CC10 mRNA expression remained relatively un-
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214 Zhao et al.changed regardless of addition of either TNF-a or EGF in
TACE knockout lungs in culture. Consistent with our
findings in fetal TACE 2/2 lungs, embryonic TACE mu-
ant lungs were delayed in both branching morphogenesis
nd cytodifferentiation in culture. Furthermore, the ob-
erved hypoplasia in embryonic TACE 2/2 lungs was
escued in the presence of soluble stimulatory factors in
ulture.
Localization Patterns of TACE Gene Expression in
Developing Lungs Indicate that TACE Participates
in Epithelium–Mesenchymal Interactions during
Lung Development
To further understand the functional importance of
TACE protein during lung development, we analyzed local-
ization patterns of TACE protein in the developing mouse
lungs. A rabbit polyclonal TACE antibody was developed
and used for immunohistochemical evaluation of embry-
onic and fetal lung tissues. In cultured embryonic lungs
(E1214; Fig. 9A), strong TACE immunoreactivity was
found in terminal epithelium (arrows), while weak TACE
staining was detected in proximal epithelial cells (arrow-
heads). Cultured lung mesenchyme is apparently free of
TACE protein expression. Under high-power field, TACE
proteins were localized to the epithelial cell membrane and,
in some terminal buds, were concentrated along the mes-
enchymal side of the epithelium (Fig. 9B). At E16.5 stage,
TACE proteins were ubiquitously expressed in both epithe-
lium and mesenchyme in lungs (Fig. 9D). In E18 lungs,
TACE proteins were primarily detected in some terminal
prealveolar cells in lung periphery (arrowheads), while
TACE immunostaining was also seen in proximal epithe-
lium (arrow; Fig. 9E). However, relatively low TACE immu-
noreactivity was also found in lung mesenchyme (Fig. 9E).
From TACE immunostaining results in the developing
lungs, it is suggested that TACE proteins participate in
epithelial–mesenchymal interactions during lung morpho-
genesis.
Using whole-mount in situ hybridization, TACE mRNA
transcripts were also localized in mouse lungs at E12 stage
(Figs. 9F–9G). In correlation with TACE immunohisto-
chemistry in cultured embryonic lungs, TACE mRNA was
visualized primarily in terminal epithelium buds (Fig. 9F,
arrows), further supporting the notion that TACE is impli-
cated in the distal lung branching morphogenesis through
regulating epithelial–mesenchymal interaction. TACE
mRNA was weakly expressed in proximal epithelium (Fig.
9F, arrowhead) and was absent in lung mesenchyme.
DISCUSSION
To characterize the role of TACE protein in lung devel-
opment, we have studied the lung phenotype of TACE-
deficient mice. Targeted inactivation of functional TACE
resulted in impaired branching morphogenesis and epithe- i
Copyright © 2001 by Academic Press. All rightial cytodifferentiation as well as vasculogenesis and, ulti-
ately, failed lung function. A delay in branching morpho-
enesis was manifested at the early embryonic stages of
ung development using the mouse lung explant culture
ystem, as TACE 2/2 embryonic lungs had only about half
f the terminal branches when compared to wild-type lungs
FIG. 8. Pulmonary gene expression in embryonic mouse lungs in
culture. (A) Electrophoretic patterns of competitive RT-PCR assays
for mRNA quantification. In cultured embryonic lungs, gene
expression of both SP-C and aquaporin-5 (Aqp5) was inhibited on
the mRNA level in TACE 2/2 lungs compared to the lungs from
their wild-type littermates. However, CC10 gene expression was
not altered in cultured lungs regardless of TACE genotype. Addi-
tion of either TNF-a or EGF in TACE 2/2 lungs in culture
ncreased mRNA expression of both SP-C and Aqp5 to a level
omparable to TACE 1/1 lungs cultured in control plain medium,
hereas CC10 gene expression is relatively unchanged in the
resence of either TNF-a or EGF. (B) Quantification of SP-C, Aqp5,
nd CC10 mRNA amounts in cultured embryonic lungs. Reduc-
ion in the mRNA levels of both SP-C and Aqp5 in TACE 2/2
ungs (*P , 0.05) was reversed with addition of either TNF-a or
GF in TACE 2/2 lungs in culture. No difference in the CC10
mRNA expression was found in all assayed conditions. MC,
medium control; T, TNF-a; E, EGF.n culture. This lag in lung morphogenesis was maintained
s of reproduction in any form reserved.
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215TACE and Lung Morphogenesisand gradually increased as lung organogenesis advanced in
mice. Consistent with the embryonic TACE 2/2 lung
henotype, branching morphogenesis in E16.5 lungs was
onsiderably retarded compared to that in the control
ittermates. Moreover, vasculogenesis, as indicated by
ECAM-1 immunohistochemistry, was also much less de-
eloped than that in the normal wild-type at E16.5 stage. In
he saccular stage of E18, TACE 2/2 lungs were not only
efective in branching of terminal airway buds, but the rate
FIG. 9. Localization of TACE mRNA and protein in mouse lun
lungs. In cultured embryonic lungs (E1214), TACE immunostaini
however, TACE immunoreactivity was low in proximal bronch
immunostaining. Under high magnification, TACE protein deposi
lung section incubated with nonimmune rabbit serum showed ne
ubiquitously found in both lung epithelium and mesenchyme (D
alveolar epithelial cells (arrowheads) in fetal E18 lungs (E). (F–
hybridization using TACE antisense riboprobe (F) demonstrated th
and, to a much lesser extent, in proximal epithelium (arrowhead)
staining was observed when the corresponding TACE sense riboprf terminal epithelial proliferation was also reduced. In s
Copyright © 2001 by Academic Press. All rightewborn TACE 2/2 lungs, histological examination dem-
nstrated dilated terminal airway epithelium with thicker
lveolar walls and poor septal formation, and therefore
reatly reduced surface for gas exchange, which explained
isible breathing difficulty and rapid lethality in neonatal
ups.
Cell–cell and cell–extracellular matrix interactions pro-
ide cells with information essential for controlling mor-
hogenesis, cell fate specification, gain/loss of tissue-
–E) TACE immunocytochemistry in embryonic and fetal mouse
as found in distal epithelial cells with strong intensities (arrows);
rowhead) (A). Lung mesenchyme cells were also free of TACE
eavily around the mesenchymal side of epithelium (B). Cultured
ble background staining (C). In E16.5 lungs, TACE proteins were
hile TACE immunostaining was primarily detected in terminal
ACE whole-mount in situ hybridization. Whole-mount in situ
ACE mRNA was primarily localized in distal epithelium (arrows)
12 lung. TACE mRNA was absent in E12 lung mesenchyme. No
as used for hybridization (G). Bar, 50 mm.gs. (A
ng w
i (ar
ted h
gligi
), w
G) T
at T
in Epecific functions, cell migration, tissue repair, cell
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216 Zhao et al.survival, and cell death (Werb and Yan, 1998). Activation of
cell surface proteins by proteolysis can rapidly mediate
responses to change the intercellular microenvironment.
This dynamic process of shedding of cell membrane pro-
teins is orchestrated by the matrix metalloproteinases
(MMP) family of secreted and membrane proteinases, as
well as membrane proteinases that contain disintegrin and
metalloproteinase domains (ADAMs). The first such mam-
malian ADAM protease characterized was TACE, as a
transmembrane sheddase that directly cleaves full-length
TNF-a precursor (Black et al., 1997; Moss et al., 1997).
Embryonic lungs are known to undergo extensive branch-
ng morphogenesis and cytodifferentiation in culture, de-
eloping into a characteristic branching pattern (Jaskoll et
l., 1988; Warburton et al., 1992). The use of the chemically
defined, serumless culture system in the present study
enabled us to separate the effects of TACE deficiency from
complications due to any other unknown maternal and
systemic factors as well as allowing us to perform func-
tional analysis of individual exogenous ligands in a pre-
cisely controlled manner (Zhao et al., 1996). Defects in
embryonic lung branching morphogenesis in TACE mutant
embryos were thus investigated using the lung explant
culture system. Consistent with our observation in fetal
TACE 2/2 lungs, embryonic TACE 2/2 lungs branched
poorly compared to normal control lungs. Additionally, the
immaturity of embryonic TACE 2/2 lungs, as seen with
the branching abnormalities, was also reflected at the level
of epithelial differentiation. SP-C and Aqp5 were used in
the current study as gene markers for type II and type I
pneumocyte differentiation, respectively. Using competi-
tive RT-PCR assays, both SP-C and Aqp5 gene expression at
mRNA levels were significantly reduced in cultured embry-
onic TACE 2/2 lungs in comparison with normal wild-
type lungs in culture, indicating that the hypoplastic phe-
notype of newborn TACE mutant lungs arises from poorly
differentiated pulmonary epithelium accompanying retar-
dation in branching morphogenesis.
Analysis of TACE null mutant mice underscored the
importance of ectodomain shedding during mammalian
development by the observation of perinatal lethality in
TACE 2/2 mice (Peschon et al., 1998a). Likewise, the
hypoplastic phenotype in mouse lungs without TACE ex-
pression revealed an indispensable role for this
metalloproteinase-disintegrin during the process of normal
lung growth and development. However, mice lacking
TACE do not show a lung phenotype indicative of a lack of
TNF-a availability (Pasparakis et al., 1996; Marino et al.,
997). Both TNF-a and TNF receptor (p55 and p75) null
utant mice have overtly normal lung morphogenesis and
ytodifferentiation, indicating that the abnormality associ-
ted with TACE null mutation in mouse lungs was TNF-a
signaling independent (Pfeffer et al., 1993; Rothe et al.,
1993; Erickson et al., 1994; Peschon et al., 1998b). Thus, the
lung phenotype we found herein suggested a critical role for
TACE in the processing of other membrane-anchored pro-
Copyright © 2001 by Academic Press. All rightteins, one or more of which is essential for lung develop-
ment.
Although TACE was originally identified for its ability to
proteolytically cleave pro-TNF-a, TACE now appears to be
mplicated in the processing of multiple proteins including
NF receptors, TGF-a, amyloid precursor protein, and
L-selectin (Peschon et al., 1998a; Reddy et al., 2000). Nota-
bly, cells obtained from TACE 2/2 lungs released 20 times
less soluble TGF-a compared with those obtained from
ild-type mice (Peschon et al., 1998a). In support of the
bove finding, the lungs lacking TACE have a similar
henotype to lungs in mice engineered to be without the
GF receptor, which is also the cognate TGF-a receptor
(Miettinen et al., 1997). Lungs mutant in EGF receptor were
defective in branching morphogenesis and subsequent alve-
olization (Miettinen et al., 1997). Similar to TACE 2/2
mice, EGF receptor null mutant newborn mice die quickly
as a result of visible respiratory failure. Recent studies have
shown that TACE is, additionally, involved in shedding the
IL-1R-II, Notch receptor, and growth hormone binding
protein (Brou et al., 2000; Reddy et al., 2000; Zhang et al.,
2000). While TACE is responsible for liberating soluble
proteins from their membrane-bound precursors, it is con-
ceivable that the immature lung development we have
discovered in mice lacking TACE activity is due to a
deficiency of multiple diffusible regulatory factors. There-
fore, soluble forms of proteins, including as yet undefined
ones, shed by TACE, are important for mammalian lung
morphogenesis.
Spatial–temporal localization of TACE gene expression
was also studied using both immunocytochemistry and in
situ hybridization in the developing mouse lung tissues. In
the early embryonic stage of lung development, TACE gene
expression is mainly restricted to the distal bronchial
epithelium. Such a localization pattern is reminiscent of
genes including TNF-a and TGF-a, which have been shown
to stimulate branching morphogenesis of embryonic lungs
(Jaskoll et al., 1994; Melnick et al., 1996; Standjord et al.,
1993). Together with our experimental evidence that abro-
gation of TACE gene expression inhibited both lung branch-
ing morphogenesis and pulmonary cell transdifferentiation,
it is likely that TACE regulates lung growth and develop-
ment through epithelial–mesenchymal interactions. Fur-
thermore, while TACE proteins were found in peripheral,
not proximal, epithelium, the highest concentration of
TACE proteins was sometimes observed lining the mesen-
chymal side of the epithelium adjacent to the basement
membrane. Such a gradient pattern of TACE protein local-
ization further supports the notion that TACE instructs
lung branching morphogenesis by mediating endoderm–
mesoderm interactions.
We conclude that TACE is an essential permissive en-
zyme during normal lung growth and development. TACE
influences lung morphogenesis by regulating the release of
circulating cytokines and growth factors necessary for nor-
mal lung organogenesis. Lack of TACE in mice leads to
reduced lung branching morphogenesis, inhibited epithelial
s of reproduction in any form reserved.
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217TACE and Lung Morphogenesisproliferation and differentiation, an underdeveloped vascu-
lature network, and immature alveolar sacculation, result-
ing in a hypoplastic lung incapable of conducting sufficient
gas exchange to sustain extrauterine life. Therefore, target-
ing TACE enzyme may facilitate the development of new
therapeutic approaches to many pulmonary diseases with
aberrant levels of cytokines and growth factors. While
TACE is an important membrane proteolytic enzyme, our
studies provide a novel model in which the molecular
mechanism of cell surface shedding has functional signifi-
cance in the process of organ development, specifically,
lung morphogenesis.
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